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a b s t r a c t
HY5 (Long Hypocotyles 5) is a key transcription factor in Arabidopsis thaliana that has a pivotal role
in seedling development. Soil nitrogen is an essential macronutrient, and its uptake, assimilation and
metabolism are inﬂuenced by nutrient availability and by lights. To understand the role of HY5 in nitro-
gen assimilation pathways, we examined the phenotype as well as the expression of selected nitrogen
assimilation-related genes in hy5 mutant grown under various nitrogen limiting and nitrogen sufﬁcient
conditions, or different light conditions. We report that HY5 positively regulates nitrite reductase gene
NIR1 and negatively regulates the ammonium transporter gene AMT1;2 under all nitrogen and light con-
ditions tested, while it affects several other genes in a nitrogen supply-dependent manner. HY5 is notMT1 ;2
ight regulation
itrogen metabolism
oot development
required for light induction of NIR1, AMT1;2 and NIA genes, but it is necessary for high level expression of
NIR1 andNIAunder optimal nutrient and light conditions. In addition, nitrogendeﬁciency exacerbates the
abnormal root systemof hy5. Together, our results suggest thatHY5 exhibits the growth-promoting activ-
ity onlywhen sufﬁcient nutrients, including lights, are provided, and thatHY5has a complex involvement
in nitrogen acquisition and metabolism in Arabidopsis seedlings.
© 2015 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY. Introduction
HY5 (Long Hypocotyles 5) is a nuclear bZIP type of transcription
actor in Arabidopsis thaliana that has been extensively studied for
ts role in photomorphogenesis [1]. HY5 promotes photomorpho-
enesis in response to light signals of various wavelengths, and
ack of HY5 weakens photomorphogenic responses [2–5]. In addi-
ion to light signaling, HY5 is critically involved in auxin mediated
Abbreviations: NRT, nitrate transporter;NIA, nitrate reductase;NIR, nitrite reduc-
ase; AMT, ammonium transporter; HY5, Long Hypocotyles 5; HYH, HY5 homologue;
ATS, high-afﬁnity nitrate uptake systems; LATS, low-afﬁnity nitrate uptake sys-
ems; WT, wild-type; Dc, constant darkness; WLc, continuous white light; Rc,
ontinuous red light; FRc, continuous far-red light; PN, potassium nitrate; AN,
mmoniumnitrate;AS, ammoniumsuccinate;NiRA,nitrite reductionactivity; qPCR,
uantitative PCR.
∗ Corresponding author. Tel.: +86 514 87979220.
∗∗ Corresponding author. Tel.: +1 203 432 8909.
E-mail addresses: hczhang@yzu.edu.cn (H. Zhang), ning.wei@yale.edu (N. Wei).
ttp://dx.doi.org/10.1016/j.plantsci.2015.05.004
168-9452/© 2015 The Authors. Published by Elsevier Ireland Ltd. This is an open accesslicense (http://creativecommons.org/licenses/by/4.0/).
root growth [4,6,7]. Analyses of genomic binding sits of HY5 have
identiﬁedasmanyas11,797 target genes,which equates to approx-
imately 44% of all genes in the Arabidopsis genome [8], highlighting
the pivotal role that HY5 plays in Arabidopsis development.
Nitrogen is an essential macronutrient and a key factor limiting
agricultural productivity [9,10]. Plants absorb inorganic nitrogen
mainly in two forms, nitrate (NO3−) and ammonium (NH4+), and
their nitrogen metabolism is dynamically regulated in response to
ambient nitrogen sources and levels as well as other environmen-
tal factors [10,11]. Higher plants have both high- and low-afﬁnity
nitrate uptake systems (HATS and LATS, respectively), which oper-
ate under different nitrate concentrations and are thought to be
genetically distinct [12]. In addition, nitrate and nitrite act both
as nutrients as well as signals for the global regulation of gene
expression in Arabidopsis roots [9,13]. Different nitrogen sources
and varying nitrogen levels can also affect transcriptional pro-
ﬁles and various physiological processes of plants [11,14]. Light
signals play a crucial role in regulating nitrogen uptake, translo-
cation and assimilation into organic compounds [15]. The rates of
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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hotosynthesis and respiration are known to vary as a function of
issue nitrogen concentration in various species and growth condi-
ions [16,17].
By analyzing null mutants of Arabidopsis for HY5 and HYH (an
Y5 homologue) genes, Jonassen et al. showed that these genes
re important for high nitrate reductase activity [18]. They further
howed thatHY5 andHYH are activators ofNIA2, and are involved in
ight inhibition of NRT1.1 [19]. Based on these studies, a scheme of
ignal transduction pathway from light to nitrate translocation and
ssimilation has been proposed [15]. Notably, these studies used a
y5 hyhdoublemutant growing in a growthmedium (half-strength
urashige and Skoog salts containing 3% sucrose) that contained
itrogen [18–20]. Moreover, hy5 hyh double mutant exhibits a root
rowth phenotype opposite to the hy5 singlemutant [7]. It is there-
ore necessary to examine hy5 single mutant for nitrogen related
orphological phenotype and gene expression alterations.
Improved understanding of the complex network of light,
ormones, and nitrogen requires answers to further questions,
ncluding whether HY5 regulates nitrogen-related genes in a nitro-
en concentration-dependent manner; how the nitrogen related
enes respond to light; and what the role of HY5 is in their light
egulation. To this end, here we characterized the phenotype of
hy5 mutant under different nitrogen conditions and examined
he expression of representative genes involved in nitrogen assim-
lation using quantitative real-time polymerase chain reactions
qPCR) and biochemical methods. We found that HY5 regulates
anynitrogen relatedgenes inanitrogenconcentrationdependent
anner, and that it constitutively activates NIR1 (nitrite reduc-
ase 1) while suppresses AMT1;2 (ammonium transporter 1;2), two
mportant genes in nitrogen metabolism.
. Materials and methods
.1. Plant materials and growth conditions
Wild-type (WT) A. thaliana used herein was the Col-0 ecotype.
he hy5-ks50 mutant (Columbia background) has been described
reviously [4,21–23]. All chemical reagents were purchased from
igma. For root phenotype analysis, surface sterilized seeds were
own on 12×12 cm plates with 40ml of solid medium (0.8% agar)
ontaining 10mM KH2PO4 2mM MgSO4, 1mM CaCl2, 0.1mM Fe-
DTA, 50M H3BO4, 12M MnSO4, 1M ZnCl2, 1M CuSO4,
.2MNa2MoO4, and0.5%sucrose (pH5.5) [24]. Thisbasalmedium
assupplementedwith (ammonium)2succinate,NH4NO3, orKNO3
s the nitrogen source as indicated in the text [25]. The ﬁnal con-
entrations of nitrogen in themediawere 0, 0.5, 2, 5 or 25mM.After
old stratiﬁcation for 3days at 4 ◦C in thedark, the plateswere incu-
ated at 22 ◦C in continuous white light (WLc) at 180molm−2 s−1
r under a 16h light/8h dark regime. The experiments on nitro-
en concentration series or when unspeciﬁed, were carried out
sing the 16h light/8h dark light period. The lengths of indi-
idual primary roots of seedlings were measured with Image J
oftware (National Institutes of Health; http://rsb.info.nih.gov/ij)
rom images captured with a Canon G7 camera. For treatments
equiring different light sources, seeds were surface-sterilized and
own on solid 1% Murashige and Skoog medium supplemented
ith 0.5% sucrose (GM). After 3 days of cold treatment, seeds were
xposed to WLc (180molm−2 s−1), FRc (140molm−2 s−1), Rc
80molm−2 s−1), or dark (Dc) conditions at 22 ◦C for 4 days as
escribed previously [22]. All experiments were performed at least
hree times and the data represent one independent experiment..2. RNA analyses
Total RNA was extracted from Arabidopsis seedlings using the
Neasy Plant Mini kit (Qiagen) [26]. Reverse transcription was238 (2015) 330–339 331
performedusing theSuperScript II First-strandcDNASynthesis Sys-
tem (Invitrogen) according to manufacturer’s instructions. qPCR
analysis was performed using Power SYBR Green PCR Master Mix
(Applied Biosystems) with a Bio-Rad CFX96 real-time PCR detec-
tionsystem.Eachexperimentwas repeatedwith three independent
samples, and qPCR reactions were performed with three technical
replicates for each sample. The primers used for qPCR are listed
in Supplementary Table 1. Relative RNA expression was calculated
with UBQ1 (AT3G52590) as the endogenous reference control. For
Fig. 3 showingNconcentration series, the valueofWTat zeroNcon-
centration was set at 1 for each gene. In Fig. 4A, relative transcript
levels of the genes were compared to NIA1 of WT Dc (set to 1). Rep-
resentative gene proﬁles were repeated with ACTIN 2 (At3g18780)
as endogenous reference. Data presented are means of three bio-
logical parallels, and error bars represent standard deviation of the
sampling distribution of themean. Analysis of variancewere tested
by least signiﬁcant difference at P=0.01 (LSD0.01), based on SAS
statistical analysis package (version 9.1.3, SAS Institute, Cary, NC,
USA).
2.3. Nitrite reduction activity assay
Tissue samples were extracted for nitrite reduction activity
(NiRA) assays as described [27]. In brief, the assay mixture (pH 8.0)
consisted of 75mM Tris–HC1, 5mM methyl-viologen and 50mM
sodium dithionite was prepared fresh in a solution of 30mM
sodiumbicarbonate and 1mMsodiumnitrite. The reactionwas ini-
tiated by adding freshly prepared sodium dithionite solution and
followed by incubating at 25 ◦C for 20min. Then, the mixture was
vortexed vigorously to oxidize the remaining dithionite and 0.1ml
of the mixture was diluted to 1ml with water. To this mixture, 1ml
of 1% (w/v) sulfanilamide prepared in 1N HCl and 1ml of 0.01%
(w/v)N-1-naphthylethylene-diamine-dihydrochlorideprepared in
water were added. After 30min, the resultant color was measured
with a spectrophotometer at 540nm. NiRA is expressed as M of
nitrite consumed per hour per gram fresh weight (g−1 FW).
2.4. Determination of ammonium contents
Fresh seedlings of 500mgofwere added to 1ml deionizedwater
and shaken for 1h at 45 ◦C. Samples were centrifuged at 15,000× g
for 20min. Ammonium content was determined for 50l of super-
natant using 1ml Nessler reagent (Merck). Optical density was
measured at 404nm and NH4+ content was determined using a
standard curve and expressed asmol NH4+ g−1 FW (fresh weight)
[28].
2.5. Chlorophyll measurement
Seedlings were collected and weighed for their fresh weight.
Chlorophyllwasextractedwithethanol and its contentwasassayed
based on the absorbance of the extract at 645 and 663nm [29].
3. Results
3.1. Phenotype of hy5 in response to different forms and
concentrations of nitrogen nutrients
We examined the seedling phenotype of hy5 mutant growing
under nitrogen deﬁcient conditions. As a normal condition con-
trol, we used standard growth media (GM) that provided 60mM
of nitrogen, which is sufﬁcient for plant growth. When grown on
plates that had no nitrogen supplement (nitrogen starvation), wild
type seedlingswere purple, small, and about to die, conﬁrming that
nitrogen was necessary for plant survival. In comparison, the aerial
part of hy5 mutants appeared greener than wild type under the
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aig. 1. Phenotype of the hy5 mutant growing under the nitrogen starvation conditio
hat lacked nitrogen nutrient (N. starvation). (B) Enlarged image ofWT and hy5 seedl
T and the hy5 mutant seedlings grown on GM plate and nitrogen starvation cond
ame nitrogen starvation condition (Fig. 1A and B). While growing
n the nitrogen sufﬁciency condition (GM), hy5 mutant was paler
ue to reduced chlorophyll content (92.7%) compared to that of
ild type. Under nitrogen starvationhowever, the chlorophyll level
f the hy5mutantwas 1.89-fold greater thanwild type, though still
ubstantially below normal chlorophyll levels (Fig. 1C). Thus, the
eduction of chlorophyll content resulted from nitrogen depriva-
ionwas less severe in hy5mutant, suggesting that hy5was slightly
ore tolerant to nitrogen deﬁciency at least in the aerial part of the
eedlings.
We examined the root growth of hy5 in a gradient concentration
f nitrogen (0, 0.5, 2, 5 and 25mM) that were provided in three dif-
erent forms (Fig. 2): Potassiumnitrate (KNO3)was used as a nitrate
alt; ammonium succinate [(NH4)2Suc] was used as ammonium
alt; and ammonium nitrate (NH4NO3) was used as combination of
itrate and ammonium salt. The hy5mutant displayed a drastically
ifferent root systemarchitecturewhengrownatnitrogen-limiting
onditions, such as in 0.5mM of nitrogen supplied as potassium
itrate or as ammonium nitrate (equivalent to 0.25mM NH4NO3)
Fig. 2A). Under those low nitrogen conditions, hy5 mutants had
horter primary roots but exaggerated lateral roots compared to
ild type. We measured primary root length and found that hy5
ad shorter primary roots thanwild type at the nitrogen concentra-
ion range of 0–2mM in both potassiumnitrate (PN) or ammonium
itrate (AN) (Fig. 2B and C). Consistent with a previous report [4],
ild type and hy5 mutant showed no signiﬁcant differences in
rimary root length at nitrate concentrations higher than 5.0mM
Fig. 2B and C).
Supplying ammonium salt alone did not promote root growth,
nd high concentration of (NH4)2Suc (higher than 0.25mM)Wild type (WT) and hy5 seedlings of 4-day old growing on GM plate or on medium
rowing on nitrogen starvation plate for 4 days. (C) Chlorophyll contents of 4-day-old
.
repressed root growth to less than 0.9 cm length in both wild
type and hy5 mutant (Fig. 2D). This result is consistent with the
reports that high concentrations of ammonium are toxic to plants
[11,28,30,31]. Under ammonium salt condition, the hy5 mutant
showed 1.85–2.08-fold shorter primary root length than wild type.
Considering its toxicity, (NH4)2Suc salt was not used as nitrogen
nutrient in further experiments.
The different phenotypes of hy5 mutant in different nitro-
gen nutrition environments suggest that HY5 may have different
roles under high-afﬁnity nitrate uptake system (HATS) and low-
afﬁnity nitrate uptake system (LATS), which involve different
nitrogen-related genes. It seems that HY5 participates in nitrogen
management in a complex manner that depends on ambient nitro-
gen levels.
3.2. HY5 regulates genes involved in nitrogen metabolism in
different ways
We next determined the transcript levels of nitrogen-related
genes in seedlings growing in different concentrations of nitrogen
nutrients, NH4NO3 (AN) or KNO3 (PN). Representative genes were
examined, including those encoding enzymes for primary nitrogen
metabolism such as NRT (nitrate transporter), NIA (nitrate reduc-
tase), NIR (nitrite reductase), and AMT (ammonium transporter).
The expression of each gene in hy5 mutant was compared relative
to that of the wild type under nitrogen starvation (0mM) (set to 1
as reference value) (Fig. 3).
Amongst the genes examined, NIR1 and AMT1;2 were most
strongly affected by hy5 mutation. NIR1 expression was strongly
induced by nitrate, particularly potassium nitrate in wild type
L. Huang et al. / Plant Science 238 (2015) 330–339 333
Fig. 2. The root phenotype of hy5 seedlings growing in different nitrogen nutrient environments. (A) The root system of WT and hy5 seedlings grown for 10 days on vertical
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T and hy5 mutant seedlings, respectively. (B–D) Primary root lengths of 10-day
AN); (D) ammonium succinate (AS). Asterisks denote signiﬁcant differences (*P<0
eedlings, butnot inhy5mutation (Fig. 3panelNIR1), indicating that
Y5 is required for nitrate induced high level expression of NIR1.
he ammonium transporter gene AMT1;2, which unlike AMT1;1 or
MT2;1, did not show signiﬁcant nitrate induction in wild type
eedlings. This gene was expressed in higher levels in hy5 than WT
t all nitrogen conditions tested, indicating that HY5 has a nega-
ive role in AMT1;2 expression (Fig. 3 panel AMT1;2). We also found
hat NRT2.2 expression was progressively induced by nitrate, but it
as not affected by hy5mutation under all nitrogen concentrations
ested (Fig. 3 panel NRT2.2).
The effect of hy5 mutation on the expression of NRT2.1, NIA1,
IA2 and AMT1;1 varied depending on the nitrogen growth con-
itions. AMT1;1 was only moderately decreased in hy5, and it
ccurred only at high nitrogen concentrations (greater than 5mM)
Fig. 3). This observation also applied to NRT1.1, NIA1, NIA2; all
f which showed moderately decreased expression only when
rown in higher nitrogen concentrations, suggesting that HY5 pos-
tively inﬂuenced these genes expression under nitrogen sufﬁcient
onditions. However, under nitrogen starvation and low nitrogen
ondition (0.5mM), NRT2.1 and NIA1 expression appeared higher
n hy5 than in WT (Fig. 3). This result might suggest that HY5 could
e involved in suppressing these genes during low nitrogen stress.
ogether we found that HY5 affects many nitrogen assimilation
enes in anitrogen-dependentmanner, butHY5constitutively acti-
ates NIR1 and inhibits AMT1;2 regardless of the nitrogen nutrient
tatus.n ammonium nitrate (right). On the same plate, left and right of the black line are
T and hy5 seedlings grown on (B), potassium nitrate (PN); (C) ammonium nitrate
etween WT and hy5 mutant.
3.3. Light induction of nitrogen related genes was largely
preserved in hy5 seedlings
To determine the effect of HY5 on light regulation of nitrogen
related genes, we examined RNA expression of these genes in wild
typeandhy5 seedlingsgrown innitrogensufﬁcient conditions (GM)
under continuous white light (WLc), far red light (FRc), red light
(Rc), or darkness (Dc) (Fig. 4). Several genes examinedwere induced
by light, including NIR1, AMT1;2, NRT2.2, NIA1, NIA2, and weakly,
AMT1;1andNRT2.1 (Fig. 4AandC).However theeffects ofhy5muta-
tion on those genes were different. In all light environments, NIR1
transcript levels were markedly reduced in hy5, whereas AMT1;2
transcript levels were markedly elevated in hy5 compared to wild
type. Gel analysis of RT-PCR products further conﬁrmed marked
reduction of NIR1 in hy5 across all light conditions, while ACT2
(At3g18780) expression stayed largely constant (Fig. 4B). Together
with data from nitrogen concentration series (Fig. 3), our results
indicate thatHY5 constitutively promotesNIR1 and inhibitsAMT1;2
regardless of the nitrogen nutrient concentration or light environ-
ments.
Nitrate transport gene NRT2.2 was induced by all wavelengths
of lights in both wild type and hy5 mutant equally (Fig. 4), indi-
cating that lack of HY5 had little inﬂuence on NRT2.2 expression.
This is also consistent with the NRT2.2 result in Fig. 3, conﬁrming
that hy5 mutation has no detectable effect on NRT2.2 expres-
sion over different nitrogen concentrations or lights. NRT1.1, a
334 L. Huang et al. / Plant Science 238 (2015) 330–339
Fig. 3. Effect of the nitrogen supply on RNA expression of genes related to nitrogen metabolism. WT and hy5 mutant seedlings were grown for 10 days on plates with
indicated concentration of potassium nitrate. The RNA samples were analyzed by real time RT-PCR against UBQ1 (At3g52590) on following genes: NIR1; NIA1; NIA2; AMT1;2;
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ars are standard deviation.
ual transporter in both LATS and HATS, and NRT2.1, the major
ransporter in HATS, were moderately decreased in hy5 mutants
ompared to WT in the dark as well as in white light and red light
Fig. 4). Again, these results are in agreement with the nitrogen
oncentration experiments, in which NRT1.1 and NRT2.1 expres-
ion moderately declined in hy5 in high concentration of nitrogen
Fig. 3).
There are two functional genes in the nitrate reductase gene
amily, namely NIA1 (At1g77760) and NIA2 (At1g37130), with the
atter reported to account for 90% of nitrate reductase activities
n higher plants [32]. Expression of these two genes was very low
nder darkness, andwas signiﬁcantly induced by light. The expres-
ion of NIA1 and NIA2 in white light was notably decreased in the
y5 mutant compared with WT (by 62% and 68%, respectively). No
igniﬁcant reductions were observed in red light or far-red light.
imilarly, AMT1;1 was under-expressed in hy5 mutant only under
onstant white light, suggesting that HY5 promoted these genes in
hite light.
To evaluate the effect of hy5 on light responsiveness of these
enes, we calculated the light induction of each gene, or fold of
hange in gene expression increase (or decrease) in white light
WLc) over darkness (Dc) (Fig. 4C). With exception of AMT1;1, light
nduction of most genes did not weaken due to lack of HY5. This
urprising results suggest that, in contrast to most photosynthetic
enes, HY5 is not essential for light-stimulated expression of many
itrogen related genes, such as NIR1, AMT1;2, NRT2.2, NIA1, and
IA2. Nonetheless, HY5 is important for overall high level expres-
ion of genes such as NIR1.NO3 concentration is set to 1. Data presented are means of three repeats, and error
3.4. Changes in the nitrite reductase activity and the ammonium
content in the hy5 mutant
Prompted by nitrogen-dependent involvement of HY5 on genes
involved in nitrogen uptake and assimilation, we examined the
nitrite reductase activity (NiRA) and ammonium contents in hy5
seedlings growing in different nitrogen concentrations (Fig. 5).
Under nitrogen depletion (0mM), NiRA and ammonium contents
were almost undetectable in the hy5 mutant or wild type. With
increasing nitrogen supply, theNiRA of seedlings rose steadily until
the concentration of 5.0mM, and then plateaued thereafter. hy5
showed lower NiRA compared to wild type, and the reduction was
most signiﬁcant under limited nitrogen supply of less than 2.0mM
ammonium nitrate or potassium nitrate (Fig. 6A). This result sug-
gests that HY5 has a greater role for seedling’s NiRA when growing
at limited nitrogen environment.
At all concentrations of external nitrogen, the NH4+ contents of
wild type and hy5 mutant seedlings were all signiﬁcantly greater
on ammonium nitrate medium compared with potassium nitrate
medium, reﬂecting greater uptake and assimilation of NH4+ in the
former medium by both genotypes. At 0.5mM and 2mM of ammo-
nium nitrate, the NH4+ contents were 19% and 23% greater in the
hy5 mutant than in WT, and when the nitrogen source was potas-
sium nitrate, the NH4+ contents were 16% and 22% greater in the
mutant thanwild type respectively, thus showing signiﬁcant differ-
ences between the two genotypes. At higher nitrogen level (5mM
and 25mM), NH4+ contents did not differ signiﬁcantly between
wild type and hy5 on either the ammonium nitrate or potassium
L. Huang et al. / Plant Science 238 (2015) 330–339 335
Fig. 4. Effect of different wavelengths of light on RNA transcript levels of genes related to nitrogen metabolism. (A) WT and hy5 seedlings were grown on nitrogen sufﬁcient
media (GM) under indicated light source for 4 days, and RNA samples were analyzed by real time RT-PCR against UBQ1 (At3g52590) on following genes: NIR1; NIA1; NIA2;
AMT1;2; AMT1;1; AMT2;1; NRT1.1; NRT2.1; NRT2.2. Dc, constant darkness; WLc, continuous white light; Rc, continuous red light; FRc, continuous far-red light. Relative
transcript level of NIA1 in WT dark sample is set to 1. (B) Decreased expression of NIR1 in hy5 under all light conditions was conﬁrmed by RT-PCR DNA gel analysis, with
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ACTIN2 (ACT2 At3g18780) as the internal control. WLc, continuous white light; Dc,
ight induction of tested genes WT or hy5. Light induction was calculated as the r
ccording to the data in panel A.
itrate medium. It appeared that HY5 affects steps of NiRA and
ransportation of ammonium, resulting in abnormal nitrogen
etabolism. The altered nitrite reductase activity and ammonium
ontents, particularly in the nitrogen-limiting environments, may
ontribute to the altered root system architecture of hy5 under
hose conditions.
. Discussion
HY5 transcription factor iswidely involved in growth anddevel-
pmental processes of Arabidopsis. Herewe studied the role of HY5
nnitrogenassimilationpathwaysbycharacterizing thehy5mutant
eedlings with respect to its nitrogen-dependent phenotype and
he expression of selected genes related to nitrogen assimilation.
mong the nine representative nitrogen-related genes selected fornt darkness; Rc, continuous red light; FRc, continuous far-red light. (C) Fold of the
old change) of WLc value over its corresponding Dc value (WLc/Dc) of each gene,
this study, ﬁve of which are known as sentinels for Primary Nitrate
Response [33]: NRT1.1, NRT2.1, NIA1, NIA2, and NIR1. We presented
evidence that HY5 positively regulates NIR1 expression, negatively
regulates AMT1;2, and affects expression of several other genes in
a manner dependent on the nitrogen nutrient supply. Surprisingly,
HY5doesnot appear to affect light responses ofmost of these genes,
but it is necessary to support high level gene expression under opti-
mal nutrient and light conditions. Under sustained low nitrogen
conditions, lack ofHY5 resulted in amore dramatic root phenotype,
reduced NiRA activity, and increased ammonium content. The hy5
single mutant still expressed the HY5 homolog HYH, which might
partially compensate the loss of HY5 functions in the mutant [34].
Despite of the partial redundancy, our data nonetheless showed
that HY5 is an important player in the nitrogen assimilation path-
way in Arabidopsis.
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Fig. 5. Determination of nitrite reductase activity (NiRA) (A) and NH4+ content (B)
in WT and hy5 mutants. Seedlings of 10-day old were grown in different nitrogen
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4.2. HY5 versus lights regulation of nitrogen related genesnvironments as indicated were used for the tests. Values are expressed relative to
resh weight of seedlings (FW). AN, ammonium nitrate; PN, potassium nitrate.
.1. The hy5 mutant displays a complex effect on expression of
itrogen related genes
Among the nine representative nitrogen assimilation genes, we
ound that the expression ofNIR1 and AMT1;2 changedmost drasti-
ally in hy5, and the changeswere consistent regardless of nitrogen
upplement and light conditions tested (Figs. 3 and 4). Other genes
xamined were either not affected (NRT2.2) or weakly and con-
itionally affected by the lack of HY5, as summarized in Fig. 6.
e should mention that the experiment of nitrogen concentration
eries was not conducted by transient reduction or increase of the
utrient, but was conducted with seedlings that grew on speciﬁed
onditions. Therefore our data cannot distinguishwhether HY5 has
direct or indirect role in their gene expression. However, given
he robust effect on NIR1 (stimulation) and AMT1;2 (inhibition), we
hink these two genes are likely directly regulated byHY5.Wehave
earched the HY5 chromatin-IP genomic binding data [8]. Based on
he binding criteria described in the report, all of the selected genes
ncluding NIR1and AMT1;2 have been categorized as in vivo HY5
inding loci in light-grown plants (NIH Gene Expression Omnibus
atabase accession number GSE24974).
Even on this small group of selected nitrogen-related genes,
Y5 exhibited a complex pattern of regulation. According to how
he genes are affected in hy5 mutant, they can be classiﬁed into
different types (Fig. 6A). Type A, as represented by NIR1, is acti-
ated by HY5 constitutively; Type B, as represented by AMT1;2, is
nhibited by HY5 constitutively; Type C, as represented by NRT2.2,
s not regulated by HY5; and Type D, which are affected by HY5238 (2015) 330–339
in a nitrogen concentration dependent manner. The functions of
the tested genes in the nitrogen assimilation pathway are depicted
in a simpliﬁed diagram in Fig. 6B. In general, it appears that HY5
tends to act negatively at low nitrate conditions (except for NIR1),
while predominantly promotes nitrogen assimilation genes when
nitrate are abundantly supplied (Fig. 6B). This is consistent with a
general growth-stimulating role ofHY5, either directly or indirectly
[35,36].
We also found that different genes of the multigene family are
distinctively regulated by HY5. For example, HY5 constitutively
represses AMT1;2, but not AMT1;1 or AMT2;1. As a member of
six isoforms in the AMT family, AtAMT1;2 is a low-afﬁnity NH4+
transporter uniquely located in the plasma membrane of the root
endodermis rather than in the rhizodermis and cortex as in high-
afﬁnity NH4+ transporter AMT1;1 and AMT1;3 [37,38]. AMT1;2 has
been shown to be up-regulated in roots when internal ammonium
concentration increases [39]. However, increased internal ammo-
nium concentration in hy5 (Fig. 5) is unlikely the direct cause of the
abnormal elevation of AMT1;2 in hy5. This is because hy5 seedlings
exhibited increased internal ammonium level only at low nitrogen
conditions, but exhibited increased AMT1;2 expression at all nitro-
gen conditions tested (Figs. 3 and 4). Further study is required to
understand the mechanism of cell-speciﬁc regulation of different
gene isoforms.
By investigating transient light responsiveness of nitrogen
related genes in hy5 hyh double mutant, Lillo’s team showed that
HY5 and HYH positively regulate nitrate reductase activity as well
as the main nitrate reductase gene NIA2 in Arabidopsis leaves
[18–20], which is consistent with our observations. Interestingly,
Jonassen et al. did not ﬁnd strong effect of hy5 hyh double mutant
in transient (6h) induction of NIR1 by nitrate [19]. The discrepancy
of the two studies onNIR1maybe explained by one of the following
reasons. (1) It is possible that the strong positive regulation of HY5
on NIR1expression (Figs. 3 and 4) represent a persistent function
of HY5, as oppose to a transient response. (2) Given that opposite
root growth phenotypes have been observed in hy5 versus hy5
hyh double mutant [7], similar discrepancy in the single and
double mutant might also occur in this case. (3) The internal
reference genes in the RT-PCR analyses of RNA expression were
different. Jonassen et al. [19] used At3g02540, whereas we used
UBQ1 (At3g52590) as the reference gene (Figs. 3 and 4A), and we
further validated NIR1 result with ACT2 (At3g18780) (Fig. 4B).
According to a microarray study of nitrate response submitted by
Wolf Scheible lab to the database (https://www.arabidopsis.org/
servlets/TairObject?type=hyb descr collection&id=1005823564)
and a study of light response in hy5 (http://www.ncbi.nlm.nih.
gov/geoproﬁles) [8], UBQ1 and ACT2 show no signiﬁcant responses
to nitrate or light, and they are not regulated by HY5. However
At3g02540 used in [19] showed weak nitrate response, with
KNO3/KCl fold change as high as 2.378, while it is not subject
to regulation by light or HY5 [8]. Detailed examination of the
behaviors of internal control genes has lent further support to our
result that HY5 is unequivocally required for high-level expression
of NIR1.
The gene expression defects for certain genes in hy5were found
unremarkable and inconclusive (indicated by dots in Fig. 6A). This
might be related to our protocol of using whole seedlings for RNA
analysis, whichwould not allowus to clearly distinguish genes that
are tissue-speciﬁcally regulated in roots or shoots. In the future,
organ-speciﬁc sampling might provide more precise information
on the function of HY5.HY5 and light signals both regulate the expression of nitrogen
assimilation genes, but our results indicate that HY5 actions are not
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Fig. 6. Summaries on regulations of nitrogen transport and assimilation genes by HY5. (A) Summary of the effect of HY5 on indicated nitrogen-related genes at low nitrogen
(0, 0.5 2.0mM KNO3) or high nitrogen (5.0 and 25mM KNO3) conditions, according to the data shown in Fig. 3. Light actions of the genes are based on the data in Fig. 4, by
comparing the values of WLc to Dc in wild type seedlings. The label “WR.” denotes that the induction only applies to WLc and Rc, but not FRc. (B) A diagram showing tested
nitrogen-related genes along a simpliﬁed the pathway of nitrogen uptake and assimilation. “+” signs indicate positive regulation by HY5, and “−” signs indicate negative
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Tegulation by HY5, either in high NO3− conditions (upper side) or low NO3− (lower
lways in accord with light actions (Fig. 6A). For examples, AMT1;2
ene was induced by lights (WLc and Rc), but it was repressed
y HY5; NRT2.2 gene was strongly induced by all wavelength of
ights, but was not regulated by HY5 (Figs. 3, 4, and 6). In the case
f NIR1, which was activated by both light and HY5, even though
he hy5 mutation dramatically lowed the overall expression level
f NIR1 (Fig. 4A), it did not weaken the light inducibility, the ratio
f WLc over Dc, of the gene (Fig. 4C). Similarly, the light induction
f AMT1;2 was not weakened by hy5 mutation. In fact the folds of
ight induction for most genes examined, except for AMT1;2, were
reater in hy5 than in wild type (Fig. 4C). These results indicate
hat HY5 is not required for light activation of NIR1 and AMT1;2.
his ﬁnding is in agreement with Jonassen et al. [19] that HY5 andconditions.
HYH are not required for transient light induction of several nitro-
gen assimilation genes, and that HY5 and HYH were involved in
light repression ofNRT1.1. Similarly, we found that light repression
of NRT1.1 (Fig. 4A) did not occur in hy5, mainly due to its higher
expression in the dark. Those results raise questions whether HY5
may have a distinct function in mediating gene expression of nitro-
gen assimilation pathway, besides its well-established role in light
signaling.
It should be emphasized that our data support a pro-growth
role of HY5 with regard to nitrogen nutrient and light nutrient.
Under sufﬁcient nutrient conditions, HY5 predominantly acts to
promote expression of nitrogen-related genes (except for AMT1;2),
as summarized in Fig. 6.
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.3. Enhanced root phenotype in hy5 when grown under chronic
itrogen stress
The hy5 mutant exhibited a drastically different root system
hat was exacerbated at low nitrogen conditions, as characterized
y a signiﬁcantly shorter primary root length and greater devel-
pment of lateral roots (Fig. 2). The primary root phenotype of
y5 diminished when nitrogen was provided in sufﬁcient amount
above 5mMnitrate concentrations). Roots are known to sense and
espond to local and global nutrient supply [30,40–42] as well as
ther factors [43]. Nitrate itself is an important signal that mod-
lates root growth [44]. Normally, low nitrogen limits, while high
itrate stimulates, the generation of lateral roots [41,45]. Extensive
rosstalk between nitrate and auxin signaling has been reported to
xplain nitrate-dependent root morphogenesis [9,46–48], as auxin
s a key modulator of root architecture: high auxin concentration
nhibits primary root elongation and stimulates lateral root devel-
pment. The hy5 and hy5 hyh double mutants, are known to have
root phenotype that is caused by increased auxin signaling in
he mutant [4,6,7]. HY5 regulates a remarkable numbers of auxin
esponsive genes, and is critical in auxin-dependent regulation of
oot architecture and growth responses [6,7]. It is plausible that
ow nitrogen environment somehow enhanced the altered auxin
ignaling of hy5 roots, resulting in the drastic root system pheno-
ype under sustained nitrogen deﬁciency. In addition, since excess
mmonium in plants can cause ammonium poisoning and inhibit
he growth of primary roots [11], the greater amounts of internal
mmonium inhy5 at lownitrogenmedium (less than2mM, Fig. 5B)
ikely contribute to the root phenotype of the mutant in the same
edium.
Interestingly, the aerial part of hy5 appeared more tolerant
o nitrogen starvation than wild type seedlings, as evidence by
he alleviated reduction of chlorophyll under nitrogen starvation
Fig. 1). We suggest that the overall phenotypes of hy5 may imply
hat HY5 has important functions in the interplay of nitrogen
ignaling and auxin pathways in modulation of plant root growth.
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